Trimethylamine dehydrogenase [trimethylamine:(acceptor) 
Trimethylamine dehydrogenase (TMADH; EC 1.5.99.7), an enzyme from facultative methylotropic bacteria, catalyzes the oxidative demethylation of trimethylamine to dimethylamine and formaldehyde in the presence of phenazine methosulfate (PMS) as an electron acceptor (1), reaction 1. (CH3)3N + H20 + PMS (CH3)2NH + CH20 + PMS-H2 [1] TMADH from bacterium W3A1 purified to electrophoretic homogeneity has a molecular weight of 147,000 and contains two types of prosthetic groups. One of these is a covalently bound organic chromophore which upon proteolytic digestion is released in the form of a reducible yellow cofactor-peptide of unknown structure (2) . Direct analysis of TMADH yields 4 g-atom each of nonheme iron and acid-labile sulfide (S*) (2) . By analogy to lower molecular weight ferredoxin (Fd) proteins (3) , these results suggest the presence of one or two centers of Special interest attends the substrate-reduced form of TMADH, whose low-temperature electron paramagnetic resonance ;pectra reveal a unique spin-coupled interaction between the )rganic chromophore and an Fe-S* center (H. Beinert, D. J. teenkamp, and T. P. Singer, unpublished results). Eventual nterpretation of the mechanism of enzyme function requires, Lmong other matters, structural determination of the two types )f prosthetic groups. Initial experiments directed toward elukbbreviations: Fd, ferredoxin; ox, oxidized; HMPA, hexamethyl-)hospboramide; S*, sulfide, acid-labile sulfur; TMADH, trimethylmine dehydrogenase.
cidation of the organic chromophore have been communicated recently (2) . In this work structural identification of the Fe-S* center in TMADH has been pursued by reactions with sodium mersalyl and thiols under conditions where protein tertiary structure is disrupted. In aprotic-aqueous solvent mixtures containing excess thiol, 2-Fe and 4-Fe cores of a variety of Fe-S* proteins (4-7) undergo the ligand substitution reaction 2.
[Fe2S*(SR)4]2-(I)
holoprotein + RSH and/or + apoprotein [2] [Fe4S4(SR)4]2-(II)
Cores are extruded from proteins in the form of synthetic analogues I and 11 (8) , whose distinctive absorption spectra allow identification and quantitation of core units. These analogues have been independently prepared and studied (8) (9) (10) (11) Enzyme Preparation. TMADH was isolated from bacterium W3A1 and purified as described previously (1) . It was then dialyzed against 1 mM EDTA immediately prior to use. Enzymatic activity (12) and iron (13) and labile sulfur (14) Cuvettes were transferred to a Cary model 17 spectrophotometer and spectra were recorded at 250 before and after anaerobic addition of reagents by syringe. Further experimental details are presented in the figure legends.
RESULTS AND DISCUSSION Our investigation applies the core extrusion method to TMADH, an Fe-S* protein containing an additional type of chromophore strongly absorbing in the 400-500 nm range (2) . Spectra of a representative enzyme preparation with acceptable Amax/Amin ratios in aqueous buffer and 80% HMPA/H20 are shown in Fig. 1 . Under these conditions no electron paramagnetic resonance signals attributable to an Fe-S* center are observed at 4.2 K; consequently the center has the oxidation level of a 2-Fe or 4-Fe Fdox site. The blue shift of the band maximum (444-425 nm) upon passing from aqueous to the aproticaqueous solvent is indicative of a change in protein structure and chromophore environment. Previous studies (4-7) have utilized as extruding reagent benzenethiol, whose complexes I and II in reaction 2 possess in this range intense bands from which core structures may be identified and quantitated (5, 11 isolated as its crystalline tetraphenylarsonium salt. As for a number of lower molecular weight Fe-S* proteins (5,6), an 80% HMPA/H20 solvent medium whose aqueous component was buffered to pH 8.5 has proven adequate for solubilization and stabilization of TMADH prior to execution of the core extrusion reactions [2] . Unlike previous cases, however, it was necessary to employ a reaction medium free of amine components (Tris.Ci buffer, dimethylamine impurities in HMPA). These caused bleaching and alteration of absorbance of the organic chromophore, which impeded assessment of enzyme quality from Amax/Amin ratios prior to reaction and interfered with spectral analysis after reaction. Dialysis of the enzyme against EDTA to remove nonspecific iron prior to its introduction in the reaction medium was required to obtain reproducible spectra after reaction.
Reactions with Sodium Mersalyl. No reaction was observed between sodium mersalyl and TMADH in aqueous buffer. However, in 80% HMPA/H20, reaction resulted in substantial reduction in visible absorbance. Pertinent spectral results are set out in Fig. 2 . The destroyed chromophore is represented by the difference spectrum of the 5.7 AtM TMADH solution before and after mersalyl treatment. Demonstration that the residual spectrum is that of the organic chromophore is provided by the spectral results in Fig. 3 . This spectrum (eqaw 13.0) very closely matches that of the cofactor-peptide (qa.5 12.0) measured separately in the same medium. The cofactor-peptide spectrum varies only slightly in aqueous buffer and 80% HMPA/H20.
The band shape of the difference spectrum of Fig. 2 6.6 AM cofactor-peptide, dithiol/peptide mole ratio 200/1; (---) difference of the preceding two spectra; (---) 23 Fig. 4 . The cofactor-peptide chromophore was partially bleached within 2-3 min after addition of dithiol to yield an absorption spectrum very similar to that displayed by dithionite-reduced cofactor-peptide in aqueous solution (2) . A subsequent slower bleaching, possibly resulting from the covalent nucleophilic addition of thiolate to the unsaturated ring system of the reduced chromophore, was complete after the same reaction time (ca 3 hr) required to achieve steady-state spectra of the other reaction systems. The difference between the bleached cofactor-peptide spectrum and the final spectrum of the TMADH reaction system provides a reasonable representation of the spectrum of the extruded Fe-S* species from the enzyme. It is evident that this difference spectrum is closely related to the spectrum of the C. pasteurianum FdoL extrusion product, both of which display Xmax 420 nm, but is dissimilar to that of [FeXS2(S2-0xyly1)2j2-[Xrn= 413, about 450 (shoulder), 590 nm] resulting from spinach Fdx, extrusion. In particular, the feature at 590 nm, which is displaced from spectral overlap with the organic chromophore even in the absence of dithiol, is not observed in the difference spectrum or in the TMADH system spectra at any stage of reaction. Consequently, the extruded product, and thus TMADH itself, contains an Fe4S; core unit. The quantity n(Fe4S4), the number of 4-Fe centers removed from one TMADH molecule, is calculated to be 0.98 (Table 1) . As a final means of establishing the nature of the Fe-S* center in TMADH, the reactions of the enzyme, the two Fdox proteins, and the cofactor-peptide were conducted in 80% HMPA/H20. Displayed in Fig. 5 Fig. 5 . The small enhancement of absorbance beyond 500 nm in the steady-state extrusion spectrum compared to the spectrum of the pure salt has been observed previously in extrusions of various Fe-S* proteins with benzenethiol (5) and of C. pasteurianum Fdo, with p-methoxybenzenethiol. This effect may arise from formation of small concentrations of thiol chromophores with metal ion impurities or slight oxidative degradation of the extrusion product despite the anaerobic conditions employed.
Four extrusion experiments were conducted with pmethoxybenzenethiol and 5.1-7.6 ,uM TMADH solutions. As shown in Table 1 the n(Fe4S4) value calculated in each case from [Fe4S4(SC6H4OMe)4j2-and difference spectral absorption data at 500 nm is 1.1. The deviation from unity is considered within experimental error, one possible source of which is nonnegligible absorption at this wavelength by the partially bleached organic chromophore in TMADH itself. These values were obtained without correction for this effect, based on the cofactor-peptide spectrum in Fig. 5 .
Summary. The extrusion method will yield reliable results only if the core units of analogues elicited from proteins by reaction 2 correspond to the core units of the intact proteins. In this work employment of TMADH in its oxidized form together with large excesses of thiol should, as discussed elsewhere (3, 8, 18) . Other than the Fe-Mo protein of nitrogenase (19) , TMADH is the largest Fe-S* protein to which the extrusion method of core structure identification has been applied. The present results encourage its application to other cases where structure proof independent of or complementary to deductions from spectroscopic methodology is desired. In applications to proteins containing Fe-S* and other visible chromophores, spectral overlap between the latter and the products of extrusion is a potential difficulty. Circumvention of this problem by use of techniques other than absorption spectrophotometry for extrusion product identification have been outlined (17) . In this context TMADH is a particularly favorable case owing to the availability of the competing chromophore in the form of its cofactor-peptide for separate spectral study under extrusion conditions. Although the number of enzymes known to contain Fe-S* centers in addition to an organic coenzyme (usually flavin) is quite large (20) (21) (22) , until now succinate dehydrogenase has been the only member of this group shown to contain an Fe4S4 core unit (23, 24) . From the data presented it is clear that TMADH is in the same class and, moreover, the presence of a cubane-type Fe-S* cluster has been proven by a chemical approach.
